Background: So far, the effect of graphene oxide (GO) and reduced graphene oxide (rGO) in rubber matrix has not been well established.
Introduction
The research of graphene and/or derivative graphene sheets (GSD)-reinforced rubber nanocomposites for technological applications such as; strain-sensitive materials, thermal insulators, gas barrier materials, and oil/ gas sealing etc. is a fascinating area, which is still under vigorous study.
The GSD material has gained attention in polymer technology because of its unique properties and its ability to disperse and bond well in polymer matrices (Bai et al. 2011; Bora et al.2013) . For instance, a defect-free graphene has shown superior properties like high surface area (theoretical limit:~2630 m 2 g −1 ), excellent thermal conductivity (5000 Wm −1 K −1 ), amazing mechanical strength (ultimate strength~130 GPa, and Young modulus of~1 TPa) with very high electrical conductivity (6000 Scm −1 ). These unique properties of graphene have increased the potentials of rubber materials for advanced applications (Blake et al. 2007; Novoselov et al. 2004; Qiu et al. 2011) .
One of the easily observable advantage of GSD over conventional fillers is that, GSD requires only small concentration (≤ 0.1 phr) for reinforcing virgin elastomers for elastomeric/GSD composites with substantial properties (Boland et al. 2014; Tan et al.2008; Tseng et al. 2012; Wei, et al. 2014) , whereas the conventional fillers such as; carbon blacks (CB), and nanoclays requires enormous loading level (≥ 5~20phr) to attain equivalent properties as the case of GSD based systems (Choi et al. 2005; Hong et al. 2007 ).
Compared to the conventional composites such as rubber-clays, rubber-carbon blacks, and rubber-nanotubes etc., further works on elastomer-GSD composites will be needed to fully understand these materials and their potential applications. Also, the results reported on elastomer-GSD composites by majority of researchers are controversial and mostly not consistent (Bai et al.2011; Hernández et al. 2012; Li et al. 2013) . For example, a recent study by Li et al. (2013) and Hernández et al.(2012) have confirmed that graphene sheets (GS) have shown a strong interaction with natural rubber. Contrary to this, Bai et al.(2011 ), Li, et al. (2011 , Kang et al.(2014) and Allahbakhsh, et al.(2013) have all emphasized that the numerous oxygen moieties (-OH, -O-C=O, and C-O-C etc) contained in graphene oxide (GO) sheets makes it compatible with rubber matrix, should the resulting properties be compared with those of reduced graphene oxide (rGO), which is a modified GS.
In addition to this, the effect of GO/rGO/GS in polar and nonpolar rubber matrix has not been well established. That is, GO/rGO and other derivatives graphenes reinforced with various elastomers with different polarities have shown different curing with varied physicomechanical properties (Allahbakhsh et al. 2013; Mensah, et al. 2014; Mensah et al. 2015; Varghese et al. 2013) . The influence of the corrugating/wrinkling structural texture of the graphene sheet on rubber matrix has shown different findings on resulting properties of the composites by different researchers. Li et al. (2012) had investigated the tribological properties of NBR-GO composites prepared by solution mixing method. The morphological studies of the composites confirmed the presence of wrinkled GO sheets which were coated with NBR molecules. These composites had shown high wear resistance than the unfilled NBR compounds. Adversely, wrinkled graphene nano platelets (GnPs) have shown weak interfacial interactions with EPDM matrix (Valentini et al. 2014) . Therefore, a study that explores the preparation and properties of GO/rGO in a polar (NBR) and non-polar (EPDM) matrix will help to understand the state of GO and rGO in rubber matrix of different polarities.
The physico-mechanical properties of NBR-GO and NBR-rGO nanocomposite has been reported in our earlier work (Mensah et al. 2014) . In this present work, the effect of GO/rGO in EPDM was explored and compared with those of NBR-GO/rGO nanocomposites. Herein, we prepare nanocomposites of EPDM-GO/rGO and NBR/GO/rGO separately by using a combined method of solution and solid mixing. The various properties, such as; vulcanization, mechanical, thermal and dielectric spectroscopy were examined. In the end, it has been observed that the GO and rGO generally offer more reinforcing advantage in a polar rubber matrix than a non-polar rubber type.
Methods/Experimental
Materials and sample preparation Materials Acrylonitrile-butadiene rubbers having acrylonitrile content between 20 and 30% (NBR, KNB 25LM™, Kumho Petrochemical Co., Korea) and Ethylene-propylene-diene monomer (EPDM) (Vistalon 7500; ethylene content 55.5%, ENB content 5.7%) supplied by the Kumho Petrochemical Co., Korea were used as a base rubbers. The synthesis of GO and rGO was done as per our previous work (Mensah et al. 2015 ).
Preparation of nanocomposites
There is no any literature available which adopt solvent mixing method to process EPDM-based nanocomposites; hence this work is the first of its kind. The preparation of the non-polar EPDM compounds (EPDM, EPDM-GO and EPDM-rGO) is as shown in Fig. 1(i-iv) ;
The EPDM was dissolved in toluene under 60°C temperature for~12 h (see Fig. 1(i) ). The GO and rGO were also dispersed in toluene via prolonged ultranisonication for~2 h. The GO/toluene and rGO/toluene solutions were mixed with EPDM/toluene mixture separately. The mixtures were stirred vigorously by magnetic stirrer at 60°C for 12 h until homogenous composites solutions were observed (see Fig. 1 (ii) for the case of rGO/EPDM). Later, an acetone was gradually added to these mixtures while still stirring with a spatula to avoid phase separation. This resulted in coagulation of the EPDM-GO and EPDM-rGO compounds. A typical coagulation process and resulting composite of EPDM-rGO is shown in Fig. 1(iii) and iv respectively. The sample obtained; EPDM and EPDM-GO/ rGO were then oven dried at 80°C until the weight of the solid mass remained the same and free from trapped air.
Conventional sulfur curing additives were dispersed in EPDM, EPDM/GO, and EPDM/rGO compounds before sheeting out in two-roll mill (Model: DS-1500R, Withlab Co. Ltd., Korea). For comparison of properties, NBR-GO and NBR-RGO nanocomposites were also prepared as per our earlier work (Mensah et al. 2014; Mensah et al. 2015) . The nanocomposite formulations and the codes of the NBR and EPDM based compounds are presented in Table 1 .
A cure rheometer analysis was carried on the samples to determine the optimum cure condition. The compounds were cured for an optimized time interval on a hot press machine (Caver WMV50H, USA) maintained at 160°C with applied pressure of~11 MPa. The specimens of cured nanocomposites were cut into standard shapes for carrying out various tests including tensile, equilibrium swelling, tensile, and dielectric measurements etc.
Characterization

Vulcanization property
The cure property was measured at 160°C by a cure rheometer (ODR 2000, Alpha Technologies, USA). The cure properties including onset of cure time (t s2 ), optimum cure time (t 90 ), cure rate index (CRI = 100/(t 90 -t s2 )), maximum (M H ) and minimum torque (M L ), and change in torque (ΔM = M H -M L ) were obtained and reported.
Scanning electron microscopy (SEM)
The morphologies EPDM-GO/rGO compounds were cryogenically fractured initially. In order to observe GO and rGO and their interactions with the various rubbers, the fractured compounds surfaces were compressed for 96 h using the device in Fig. 2 . After removal of strain, the specimen were coated by platinum via sputtering and then observed with field emission SEM (JEOL, JSM 599, Japan). The coating and observation process lasted for~20 min. This method had previously been adopted to study the morphologies of NBR-GO/rGO composites (Mensah et al. 2014; Mensah et al. 2015) .
Crosslinking density
The chemical crosslinking density by swelling experiments of vulcanized compounds were performed by equilibrating NBR and NBR-GO/rGO nanocomposites in methyl ethyl ketone (MEK) (molar volume (ν 1 ) of 89.6 mL/mol) whereas EPDM and EPDM-GO/rGO nanocomposites in Toluene (molar volume 106.3 mL/ mol) for 72 h. The experiment was carried out at room temperature. Initially the sample dimension were estimated and weighed as W i . They were then fully immersed into the solutions, after immersion, the soaked sample were wiped and weighed to obtain swollen weights W s . The samples were dried in an oven at a temperature of 50°C for 24 h. They were then allowed to cool in open air for about 6 h. Later the dried weights of the samples were recorded as W dr . The liquid absorbed (W a ) given by W s -W i and the dried weights were used to calculate the degree of swelling (Q r ) by using Eq.(1) below;
The chemical crosslinking density (n c [molcm
]) of the samples were calculated by employing the Flory-Rehner model (Flory & Rehner, 1943) given by Eq. (2) ), the interaction parameters (χ 1 ) between NBR and MEK and between EPDM and Toluene were calculated to be 0.384 and 0.45 respectively by using the Bristow et al. (1958) , given by Eq. (3)
Furthermore, the total network density (n t ) deduced from the Young's modulus test was calculated by using Eq. (4) below;
where E, n t R and T are the Young's modulus (E) [MPa] , total network density, universal gas constant (8.143 J mol −1 K −1 ) and temperature (K) respectively.
Tensile test and hardness (shore a)
The tensile strength measurements of the specimens were carried out according to ASTM D412 standard by using (LLOYD instrument, UK) with dumbbell shaped specimen. The specimen was subjected to stress-strain test at a cross-head speed of 500 mm/min at room temperature. The tensile properties (elongation at break (EB (%)) and tensile strength, TS (MPa)) were deduced from the stress-strain curve. The Young's Modulus (E/ MPa) of the various compounds were determined at a very low strain (<50%) using a laboratory based sample loading system. At least four samples were tested for each composition and averaged.
Dynamic mechanical analysis
The dynamic mechanical performances of neat NBR, NBR-GO/rGO and EPDM, EPDM-GO/rGO compounds were obtained using Universal TA instrument (DMA Q800 V20.24. Build 43, USA) dynamic mechanical analyzer (DMA). The average dimension of the specimen was 19 × 5 × 1 mm. The specimens were heated from −70 to70°C at a heating rate of 10°C/ min and frequency of 11 Hz.The conditions for the frequency sweep include room temperature, 0-26 Hz frequency and 0.1% strain.
Dielectric spectroscopy
The dielectric constant of representative samples (NBR, NBR-GO/rGO and EPDM, EPDM-GO/rGO compounds) was measured by an LCR meter (VHR-200, USA). The conditions used include; 0-0.5 V, start frequency; 1 KHz, final frequency; 1000 KHz, and step frequency; 1 KHz (that was the optimum condition for the samples). Each side of the specimen was coated with conductive silver grease to improve the electrical contact between the specimens and the electrodes. The amount and number of silver coatings was maintained at the same rate and thickness to avoid variations in the thickness of the samples. All measurements were carried at room temperature. The real part (ε ' ) of complex dielectric constant (ε
and dielectric loss tangent (tan δ) were calculated using Eq. (5 & 6) as given below;
Where, ε " is the dielectric loss modulus, C is the capacitance, t is the thickness of the samples (average:
1.3 mm), ε o is vacuum permittivity (8.85 × 10-15F/cm), and A is coated area of the samples.
Results and discussions
Morphology and state of dispersion of fillers
Previously, SEM was used to study the dispersion of GO and rGO in a NBR matrix (Mensah et al. 2014; Mensah et al. 2015) . The deeply-embedded GO and rGO sheets in NBR matrix were not seen on the matrix surface initially by the SEM technique. Thus, a compressive stress was applied to the sample which made the sheets come out to the observing surfaces. A similar approach had earlier been used to study interaction of carbon nanotubes with rubber in our earlier work (Nah et al. 2010; Nah et al. 2011) .
The wrinkled surface texture of the GO and rGO sheets in the composites is believed to ensure mechanical interlocking and load transfer in polymer composites (Hernández et al. 2012; Rafiee et al. 2010; Stankovich et al. 2006) . It is fascinating to observe that although the same compressive strain conditions have been imposed on the EPDM-GO/rGO based systems as seen in Fig. 3(a  & b) , but only few GS wrinkles (shown by arrows) coated with rubber molecules can be seen at the observing surfaces of the composites; EPDM-GO-1 (Fig. 3(a) ) and EPDM-rGO-1 (Fig. 3(b) ). Thus, it could be an indication that there is a weak interaction between EPDM and rGO/GO as the particles quickly reverted into the matrix 20 min after removal of the strain. Also, some whitish spot encircled are seen on the surface of composites, this seems to be stronger for the EPDM-rGO ( Fig. 3(a) ). This may be the presence of ZnO particles that bloomed onto the surface of the compounds.
Vulcanization behavior
A typical network of a matured unfilled NBR and EPDM vulcanizates is illustrated in Fig. 4 (a) and (b) respectively. During vulcanization, possible sulfur links (-C-S-C-, -C-S x -C, and -C-S-S-) are formed between the NBR polymer chains as the sulfur species attack the double (C=C) bonds of the unsaturated backbone of NBR. In this case, the unsaturated sites can be consumed resulting in infinite network formation. However, EPDM has a saturated backbone, sulfur attacks could only occur at the double bonds of the ethylidene norbornene (ENB) sites. Thus, ENB unsaturation may not be consumed but activates allylic positions and undergoes isomerism to yield sulfidic species (see Fig. 4(b) ) with large number of crosslink structures (van Duin, 2002) .
The incorporated of GO/rGO into the matrices introduce further crosslinking process (Wu et al., 2013) , i.e. the oxygen moieties (-OH, or COOH) on GO/rGO could react with the curing ingredient (TMTD, ZnO, S, SA) to bond with the rubber chains (Chain-S x -GO-S xChain) as depicted in Fig. 4 (c) and (d) for NBR and EPDM composites respectively. Hence, the total network density of NBR vulcanizates is likely to be higher compared to EPDM based systems, since the crosslinks are tightly packed than those of chain-ENB-S x -ENB-chain networks with opened structures. In addition, hydrogen bonding between the GO/rGO sheets with the nitrile groups (-C ≡ N-) of NBR (see Fig. 4(b) ), is possible but this may be absent in the case of EPDM systems. Table 2 presents the cure properties; scorch time (t s2 ), optimum cure time (t 90 ), minimum and maximum torque (M L ,& M H ) and change in torque (ΔM = M H − M L )) of NBR and EPDM systems. Mixing of the GO and rGO into the rubbers generally delayed t s2 especially for the GO filled compounds. The delay in t s2 was established to be caused by absorption of the cure accelerator by the oxygen moieties on the GO/rGO sheet (Hernández et al. 2012; Mensah et al. 2014; Mensah et al. 2015; Rafiee et al. 2010; Stankovich et al. 2006 ). However, other factors such as; the acidic nature of the GO/rGO sheets, dispersion, wrinkling nature of the GS, thermal conductivity properties of GS, viscosity of the polymer, content of the curing ingredient (ZnO) used etc. could all contribute to delays in t s2 . Meanwhile, the t s2 is closely related to the processing stability of rubber products and it is known to ensure processing safety of the final product. Also, as can be seen in Table 2 , the incorporation of the GO/rGO fillers into the rubber matrix increased the cure rate index (CRI), especially for the composites compare to the gums. The rGO filled compounds showed higher CRI than GO filled systems. By comparison, the NBR-filled compounds broadly show efficient cure properties (t s2 , t 90 , ΔM and CRI) than the EPDM based systems.
The development of the curing properties with reference to their respective rubber matrices are indicated as percentage in the brackets. The inferior cure properties of EPDM systems can be credited to its saturated and nonpolar nature. Table 3 presents the effect of GO/rGO loading on the swelling properties (swelling degree (Q r ), chemical crosslinking densities (n c ) and the total network density (n t ) based on the Young's modulus, E (MPa) of the various NBR and EPDM systems. Although, different swelling solvents were used, but when comparison is made based on the reference matrices, NBR filled compounds attained lower Q r properties associated with decrease in molecular weight between crosslinks leading to decrease in free volume of the network as well as solvent permeability. The substantial development in the Q r and the corresponding n c and n t of the NBR specimen are clearly shown in the brackets as (%) with reference to the pure matrix. The increase in the densities (n c and n t ) of NBR compounds may be strongly linked to the enhancement in dispersion of the rGO/GO particles into NBR matrix and their strong interactions with the polar NBR matrix (Mensah et al. 2014; Mensah et al. 2015) as illustrated earlier in Fig. 4 .
Crosslinking density
Tensile and hardness properties
The tensile properties of NBR and EPDM systems have been compared in Table 4 . It is evident from Table 4 that addition of the GS, increased the ultimate tensile strength (TS) as well as the Young's Q r equilibrium swelling degree, Q o swelling degree of unfilled rubber, Q c swelling degree of composites, n c chemical crosslinking density and n t : total network density modulus compared to the unfilled rubbers. When the composites are matched with their respective gums, it can broadly be seen that the NBR-filled compounds exhibit higher TS and Young's modulus than EPDMfilled compounds (the efficiency is as expressed as % in the brackets). The high TS is associated with higher area under the stress-strain curve marked with greater strain energy density than the EPDM compounds (Mahmoud et al. 2012) . This development could chiefly be caused by the strong NBR-S x -GS-S x -NBR restrictions provided in addition to the primary NBR-S x -NBR networks (see Fig. 4 above). On the other hand, the poor mechanical property of the EPDM filled compounds seems to be the results of the insufficient chemical bonds between the nonpolar EPDM with the polar fillers (GO/GO). It is also interesting to observe that the GO has shown better TS in NBR than rGO, whiles rGO exhibit higher TS in EPDM than GO at higher loadings. This could indicate that the polarity of the fillers and rubbers play some role in reinforcement, since GO is more polar than rGO (Mensah et al. 2014; Mensah et al. 2015) . The success in dispersing GO and rGO in rubber matrix at lower filler concentration by using solvent mixing technique is noticeable when the tensile properties and crosslinking density measurements are compared with those of Das et al.(2012) who used melt mixing technique to dispersed expanded Graphite, graphene nanoplatelets and carbon nanotubes into nonpolar Styrene-butadiene rubber. Our compounds have achieve better reinforcement properties compared to those of Potts et al. (2013) who adopted latex and solid mixing (two-roll milling) approach to reinforce Natural rubber with 5phr exfoliated graphite oxide and carbon black (CB).
Dynamic mechanical analysis Temperature sweep
To further examine the role of the GO and rGO in both the polar and nonpolar matrix, a DMA thermogram of representative samples of NBR and EPDM are shown in Fig. 5. (a-d) . Generally, the composites showed improved storage modulus (E′ [MPa] ) than the unfilled elastomers. Obviously, the E′ of the GO and rGO fillers reinforce NBR matrix are higher than the EPDM compounds at all filler loadings level (see Fig. 5(a) for lower filler loadings (0.1phr of filler) and Fig. 5 (b) for higher filler loading (1phr of filler)). The 0.1phr filler loading shows comparable trend in the two matrix cases, but at higher concentrations, GO particles restrain the mobility of the rubber chains with corresponding higher E′ than rGO systems (see the inserted Fig. 5(a & b) ). These results agree well with the crosslinking densities (n c and n t ), ΔM, the TS and E of the NBR filled compounds. Also, the energy dissipation through viscous mobility of long range polymer chains is represented by the tanδ peaks in Fig. 5(c) and (d) for NBR and EPDM systems respectively.
It was reported earlier that a smaller tanδ peak depicts higher reinforcing efficiency of the fillers (Das et al. 2011) . The adequate interactions between the GO/rGO fillers with NBR and EPDM caused the tanδ peak height of the gums to depress during the dynamic deformation.
Frequency sweep
The rheological properties of the representative composites in frequency sweep mode taken from 0 to 26 Hz, 0.1% strain and at room temperature are as shown in Fig. 6 . The initial in inconsistency of the stress softening observed at lower strain cycles (0-8 Hz) may be related to slippage or destabilization of the crystalline/ordered phases within the composites similar to Mullin's effect which is basically filler-matrix breakages (Mullins, 1969) and occurs at higher deformation. Recovery from the slippage of the crystalline phases due to possible filler reorganization of Mullin's effect proceeded as the frequency increases. From literature (Bueche, 1960; Mullins, 1969) , it is possible for the stiffness of filled rubber to be recovered. The stronger interaction between GO/rGO with polar NBR matrix than EPDM is again exhibited here, even though the difference in E′ is not vigorous. It is interesting to observe that GO show higher restriction to the mobility of the rubber chains in the polar (NBR) matrix whilst rGO are compatible in the nonpolar EPDM system as frequency increases. Considering the difference in the oxygenated functionalities, GO is much polar than rGO NB: TS: ultimate tensile strength (MPa), and *EB: elongation at break(%) for *NBR-GO/rGO compounds were collected from our previous work (Mensah et al., 2014) for comparison with properties of EPDM filled systems hence such observation is practical. The relative increase in E′ as frequency increases for the NBR compounds again supports the crosslinking densities, and tensile properties presented earlier.
Reinforcement behavior evaluation Rheological cure reinforcement factor
The reinforcement of the various rubber compounds was analyzed from the rheo-curves based on the fractional changes in the torques. The reinforcement factor α f was calculated from the equation below (Sadasivuni et al. 2014 );
As clearly seen in Fig. 7 , the rheological-reinforcement factor of EPDM-GO/rGO compounds shows inferior rheological-reinforcement factor behavior, compared to those of NBR-GO/rGO compounds reported earlier Fig. 7 The reinforcing factor α f based on rheo-curves as a function of filler content (Mensah et al. 2014; Mensah et al. 2015) , especially at higher filler loadings.
Reinforcement by Kraus model
To confirm the graphene sheets (GS)-rubber interactions, adopted the Kraus model was adopted to quantitatively calculate the effect of particles either completely unbound, or completely and permanently bonded to the polymer (da Costa et al.2001; Kraus, 1963) . The Kraus equation is given by;
where V ro , V f are the volume fraction of the rubber in solvent-swollen gum and filled vulcanizates and ϕ is the volume fraction filler in the vulcanizates. The parameter m is the slope of V ro /V f versus ϕ/(1-ϕ) shown in Fig. 8 . The m describes how much swelling is restricted for a given volume fraction of filler and eventually the strength between filler-polymer (da Costa et al. 2001; Kraus, 1963) . The higher the value of m, the stronger the interaction between the filler and matrix. The plot of V ro /V f versus ϕ/(1-ϕ) for the specimens are shown in Fig. 8 . The theoretical prediction fits the experimental data with average regression coefficient of r 2~0 .96. The value of m for NBR-GO and NBR-rGO was 18.5 and 22.2 respectively, while that of EPDM-GO and EPDM-rGO compounds was 3.3 and 4.4 correspondently. Thus, the neat NBR compounds shows about 461 and 405% higher interactions with GO and rGO fillers compared to the respective interactions in EPDM filled compounds. Hence the strong interactions between GO/rGO with polar NBR are well established.
Reinforcement coefficient by DMA
The reinforcement behavior of GO and rGO in both polar (NBR) and non-polar rubber (EPDM) matrices was further evaluated by using the reinforcement coefficient (C) given in Eq. (7). Based on the difference in elastic modulus E′ between rubber and glassy state, the reinforcing effect (denoted as reinforcement coefficient C) of fillers in the polymer matrix can successfully be analyzed (Praveen et al. 2010) .
where E ′ g and E ′ r are the storage modulus at glassy and rubber regions respectively. It is generally known that lower values of the C indicate the efficacy of the reinforcements (Praveen et al.2010) . The values of E′ at glassy and rubbery states were taken at −15 and 40°C respectively, and they are summarized in Table 5 . The C values became lower as the filler loading was increased. This is therefore an evidence of the effectiveness of the fillers (rGO or GO) in reinforcing the matrix for effective stress transfer from the matrix to the nanosheets. Herein, the NBR composites demonstrate lower reinforcement coefficient (C) associated with higher mechanical behavior compared to those of EPDM compounds.
Dielectric constant property
The dielectric constants, ε´of representative samples (NBR-GO-1, NBR-rGO-1 and EPDM-GO-1, EPDMrGO-1) are compared in the Fig. 9 . Evidently, NBR filled compounds show extremely higher ε´values compare to those of EPDM. For example at 1000 Hz, NBR-GO-1 and NBR-rGO obtained over 370 and 453% increment in ε´when matched with EPDM-GO-1 and EPDM-rGO-1 nanocomposites respectively.
The enhancement in the ε´of the NBR filled compounds could be due to the high polarity nature of NBR matrix in addition to effective filler dispersion within the matrix. Unlike NBR, EPDM is nonpolar and thus considered as poor electrical insulating material (Das et al. 2002) . In all cases, the compounds filled with rGO exhibit higher ε´than the GO filled samples. Although, interfacial polarization (IP) (the accumulation of unlocked charges at an interface) effect (Mensah et al. 2014; Tantis, et al. 2012 ) could play a role, however the high electrical conductivity of the rGO particles could be the major effect of the high ε´observed for the NBR filled compounds. These conductive particles are associated with induced internal fields which neutralizes the external applied field, thus making their corresponding composites good dielectric material compared with their unfilled counterparts (Akram et al. 2005; Sutton, 1956) . Nevertheless, the lower in ε´at high frequency is a common phenomenon associated with inability of the electrical field to cope with the oscillating filed (Dang et al. 2007) .
Interestingly, the increase in ε´of the NBR systems is associated with higher loss factor (Fig. 8(b) ) compared to the EPDM systems. It can be considered that the loss factor of the EPDM based systems may chiefly be due to poor electrical conduction and slow polarization currents, while that of the NBR systems may be related to other dissipative phenomena born from the strong interfacial interactions between the GS and NBR chains, as the electric field passes.
Conclusions
The reinforcement effect of GO and rGO on polar (NBR) and non-polar rubber matrix (EPDM) has been examined. The SEM texture of the samples gave a clue that GO/rGO weakly bond with nonpolar EPDM but strongly with the polar NBR matrix. Also, the NBR compounds were found to show higher cure rates than the EPDM vulcanizates. The parameters such as; TS and Young's modulus (MPa), EB (%) and ΔM, crosslinking densities (n c and n t ), Kraus parameter (m) and reinforcement coefficient (C), all confirmed that the reinforcement action of GO/rGO sheets in polar NBR matrix is superior than those of nonpolar EPDM matrix. The reinforcement action was observed to be caused mainly by improved dispersion and strong bonds (covalent and hydrogen) between NBR and GO/rGO sheets. The inferior interactions between the GO/rGO with EPDM were considered to be due to the nonpolar and saturated nature of the compound copolymer. Therefore, to reinforce rubber matrix with GSD, the polarities of the matrices and graphene selected should be considered for effective property attainment. 
